The diagnosis of a potentially life-threatening cancer is one of the most traumatic events that can befall a young person and his or her family. However, fortunately, most young people will survive their cancer and its treatment and go on to lead a long and healthy life, with an appropriate expectation of being able to have their own genetic family. However, cancer treatment, including surgery, chemotherapy, and radiotherapy, can have temporary and permanent effects on fertility, including damage to the uterus and pituitary gland, and reduction, or obliteration, of gonadal function, with consequential loss of oocytes or spermatozoa, which may result in ovarian or testicular failure. As the gamete pool is nonrenewable, permanent gonadal failure precludes subsequent fertility with a patient's own genetic material. Awareness and acknowledgement of the likely future fertility implications of cancer treatment is an essential part of any discussion about proposed therapies. Options for girls and young women include freezing mature oocytes and ovarian tissue, as well as attempting to protect the ovaries from the gonadotoxic effects of treatment. Options for boys and young men include semen collection and storage as well as testicular biopsy with freezing of testicular tissue or spermatozoa retrieved from the tissue. Fertility options can now be offered with increasing optimism about success and the provision of a genuine opportunity for having a family. While the initiation of cancer treatment is sometimes truly urgent, the opportunity for a detailed discussion about implications for fertility is of paramount importance for patients and their families and provides both reassurance and optimism about the future.
Introduction
With improvements in cancer therapies, most children and adolescents can now expect to survive their cancer and lead long and healthy lives. 1 An important element of this expectation is that they will be able to have their own family. This means that as well as provision of a "disease-free state," physicians should aim to provide their young patients with the opportunity for optimal quality of life, which includes a commitment to preserving and protecting fertility. Many treatments, including radiation and highdose chemotherapy, can have severely gonadotoxic effects in children and adolescents, resulting in sterility and permanent infertility, either in the acute phase or with later onset involving impaired fertility or premature ovarian failure (POF). Discussion of the fertility implications of cancer treatment is thus an essential part of pretreatment counseling. Specialists and other teams must be not only aware of the strategies currently available for fertility preservation but also familiar with the risks, logistic requirements, and side effects, and the potential for the success of these options. Early discussion with a fertility specialist will allow the patient and his/her family the opportunity to ask questions and voice concerns, and to become well informed about fertility preservation options in conjunction with the treating physician.
Prevalence of common cancers in children and adolescents
One in 250 young adults is a long-term survivor of childhood cancer. 2 The estimated number of adolescent and young adult (AYA) patients (aged 15-29 years) diagnosed with invasive cancer (including melanoma) in the USA in 2012 was 99, 650 . 1 This accounts for 2% of all invasive cancers in the total population. In contrast, pediatric patients (aged 0-14 years) were found to account for only 1% of all invasive cancers (n = 36,770) in the same year. 1 The criteria for consideration of patients as "AYA" -in particular, the upper age of inclusion -varies between jurisdictions, with the upper age being 39 years in US figures and 29 years in Australian figures. 3 The disease spectrum changes dramatically across the age range -from the embryonal tumors of childhood (eg, neuroblastoma, medulloblastoma, and rhabdomyosarcoma), to a higher frequency of epithelial cancers more typically associated with aging (eg, breast cancer, colorectal cancer, and melanoma). According to the most recent Australian Institute of Health and Welfare report, 3 which reported data for AYA patients (15-29 years) for 2003-2007, cancers with the highest incidence included malignant melanoma, Hodgkin's lymphoma, thyroid carcinoma, non-Hodgkin's lymphoma, colorectal carcinoma, and breast carcinoma, which is consistent with global findings. 4 In pediatric and adolescent patients (aged 0-19 years), the most common cancer is acute lymphoblastic leukemia, followed by brain tumors, non-Hodgkin's lymphoma, Hodgkin's lymphoma, and bone and soft tissue tumors. 5 These trends regarding commonest malignancies have remained constant over the last decade. 5, 6 Risk to fertility with female cancer treatments Female fertility and the effects of radiation and chemotherapy regimens
It is still generally accepted that the pool of primordial follicles is finite. The maximal number occurs midway through fetal life, followed by subsequent depletion through both atresia and maturation. Atresia becomes accelerated later in reproductive life, and when the population of follicles declines below a critical threshold, reproductive potential diminishes with development of infertility and eventually sterility. 7, 8 The effect of many cancer treatments is related to the decline in the number of these nonrenewable primordial follicles as well as a reduction in the number of larger, maturing follicles. 9 The consequential impact on reproductive potential depends on the age of the patient, the type of treatment, and the duration and total cumulative dose of treatment administered. 10 The exact mechanism by which chemotherapy causes loss of primordial follicles is poorly understood. 11 Most anticancer cytotoxic drugs exert their effects on dividing cells and the toxic effects include inhibition of cell division and adverse effects on DNA function within the dividing granulosa and theca cells of the ovary, as well as on the oocytes within the follicles. It is possible that loss of the growing follicle pool population will result in increased activation of more primordial follicles that may then themselves become vulnerable to damage in subsequent treatment cycles -this has been called the follicle "burn-out" concept. 12 Impairment of angiogenesis may also contribute to loss of primordial follicles. 13 The risk of premature menopause (PM) correlates with both drug type and drug dose, with older patients being more susceptible, and thus requiring a lower cumulative drug dose to manifest ovarian failure.
14 Specific alkylating agents such as busulfan, cisplatin, cyclophosphamide, ifosfamide, procarbazine, and, historically -most potently -nitrogen mustard have been linked to both acute/temporary ovarian failure (TOF) and POF. These drugs are administered for the treatment of various tumor types, with or without concomitant radiotherapy, and are particularly noxious to fertility when given as part of high-dose chemotherapyconditioning regimens for autologous or allogeneic bone marrow transplants. 6, 15 The cumulative alkylating agent dose heavily affects ovarian dysfunction, with the actuarial 10-year risk of POF reported as being as high as 64% with doses of cyclophosphamide . 8.4 g/m 2 . 16 Lower doses of alkylator (,4.2 gm/m 2 ) carry a 10-year actuarial risk of POF of 15%. 16 Therapeutic delivery of ionizing radiation either in the form of total body irradiation (TBI), as is used as part of high-dose therapy and marrow stem cell transplantation, or abdomino-pelvic radiation, such as may be used for sarcomas or lymphomas, can cause permanent damage to the ovaries and the uterus, with the extent of damage determined by the dose and field, fractionation, and patient age. The resultant effect on the follicles can be either TOF or POF, with the risk related to age, schedule, and dose.
Predictive models now allow physicians to quantify risk of infertility based on patient age at exposure and radiation dose to the ovaries. 18, 19 A dose of 10-30 Gray (Gy) in patients treated during childhood/adolescence has been shown to almost always result in TOF and very commonly POF. 19, 20 This finding has been supported by the Childhood Cancer Survivorship Study, which revealed that 70% patients treated with .20 Gy developed TOF. The ovaries are sensitive to radiation, with doses as small as 1-2000 cGy resulting in ovarian dysfunction in young patients. 21 Given this finding, it is not surprising that ovarian failure occurs in 90% of patients treated with TBI at doses of 10.00- 15.75 Gy and in 97% of patients treated with whole abdominal irradiation (20-30 Gy) in childhood or adolescence. 22, 23 Radiation has been shown to also result in uterine dysfunction and small-for-gestational-age pregnancies (SGA). 24, 25 Radiotherapy to the uterus causes damage to uterine vasculature and elasticity that may contribute to SGA pregnancies. 26 Interestingly, uterine vasculature and elasticity changes are nonresponsive to sex-steroid replacement. 27 In an Ontario-based study of patients diagnosed with malignancy aged , 20 years (n = 34), whole abdominal irradiation was linked to both SGA and premature births. 28 The association between abdominal irradiation and SGA and premature births was confirmed in two long-term follow-up studies by the National Wilms Tumour Study Group, with incidence proportional to the dose of radiation received. 28, 29 Importantly, whole abdominal irradiation and pelvic irradiation have been repeatedly found to have no association with risk of congenital malformations. [28] [29] [30] Accurate estimation of the risk of premature ovarian damage from a given chemotherapy regimen is extremely difficult. The paucity of long-term data and the different criteria used to categorize ovarian failure, along with the variable lengths of follow-up in reported studies, all hamper the ability to predict risk. Thus, it may be difficult to distinguish between TOF, which eventually resolves, and POF or PM.
Gonadotropin deficiency is one of the few treatable contributors to female infertility following cancer therapy. Cranial irradiation can result in changes to the hypothalamic axis, particularly at high doses (.24 Gy). This high-dose cranial irradiation can result in changes to timing of puberty and delayed menses. Low-dose cranial irradiation can also affect functioning of the hypothalamic axis, causing a slow decline in hormonal levels over time. 24 This risk is more common in the context of central nervous system tumors (ie, germ-cell tumors, astrocytomas), or in survivors of childhood leukemia who received cranio-spinal irradiation.
In summary, many young female patients may suffer TOF ( Figure 1 ). This is a retrospective diagnosis, made after resumption of ovarian cyclicity, which is usually still accompanied by subtle or more obvious markers of long-term ovarian compromise. If there is no resumption of cyclicity over several years, and endocrine markers show persistently elevated follicle-stimulating hormone levels, then the patient is diagnosed with POF or PM. Most chemotherapy regimens are expected to cause ovarian fragility, which often leads to later-onset premature ovarian failure. Table 1 presents the estimated effect on fertility according to chemotherapy regimen in pediatric and adolescent patients, derived from the published literature and expert clinical opinion.
Assessment of ovarian function
Assessment of ovarian function and reserve, either before or after cancer treatment, is predominantly based on endocrine parameters. Serum follicle-stimulating hormone reflects function in the more mature follicles, thus is an indicator of current rather than more long-term function. However, there can be marked inter-cycle variability and there is a need to assess levels very early in the follicular phase. Other investigational modalities, including inhibin B levels and biophysical markers such as ovarian volume and antral follicle counts, may also contribute to the overall assessment but are not particularly useful in isolation. 31 Anti-Müllerian hormone (AMH), which is produced by granulosa cells in the small growing follicles, so reflects the growing follicle pool, has been demonstrated to be a more reliable marker of ovarian reserve, particularly as there is minimal fluctuation over the cycle. 32, 33 However, after an initial decline in AMH associated with chemotherapyinduced follicle damage, recovery of AMH levels can still be demonstrated over time; 34 as such, pronouncements should not be made about long-term ovarian activity on the basis of single biochemical parameters. Rather, a combination of endocrine and biophysical parameters, assessed over the recovery phase of 12-24 months, may provide the most accurate insight into current and future ovarian potential. 54.70.40.11 on 18-Feb-2019 For personal use only. 54.70.40.11 on 18-Feb-2019 For personal use only. 
Options for fertility preservation and ovarian protection in girls and adolescents
There are a variety of options currently available for girls and young women about to embark on potentially gonadotoxic cancer treatment, including embryo and mature oocyte cryopreservation, ovarian tissue freezing, and ovarian-sparing agents. Recent advances in cryobiology have resulted in different cryopreservation techniques, which clinicians can offer with increasing optimism. 36, 37 However, the risks and expectation of success can vary enormously, and there is no single option that is most appropriate for all young girls and adolescents (see Table 2 ). Some patients may choose to utilize more than one option for fertility preservation if there is enough time.
Issues to be taken into consideration include the prognosis of the disease, the age and medical condition of the patient, the potential for ovarian tissue involvement by the malignancy, the estimated risk of ovarian damage from the chemotherapy, the medical risks associated with the fertility-preserving technique (including the potential impact of any required hormonal manipulation on estrogen-responsive tumors), as well as the magnitude of expected additional fertility benefit and the required delay before commencement of cancer treatment.
It is of paramount importance that girls and their families have the opportunity to discuss with a fertility medicine specialist about the options available. Even if no preserving techniques are possible, this initial contact establishes a pathway for subsequent fertility evaluation and care, which is of great importance and will continue often for many years after the cancer treatment is completed.
Embryo cryopreservation
Embryo cryopreservation is the most established technique for preservation of fertility, and is a routinely practiced part of all in vitro fertilization programs. Unfortunately, it is not a useful option for prepubertal girls because of the immaturity of the hypothalamic-pituitary-ovarian axis. There are also several other factors that hamper its applicability for young female cancer patients. The process involves 10-14 days of hormone stimulation in order to grow multiple follicles and maximize oocyte yield, and this time delay may be detrimental for some young women, especially those with rapidly progressive hematological malignancies. Additionally, there is a requirement for a partner's or donor's sperm, which can have profound subsequent ethical and legal implications and which precludes applicability for girls and very young women. Until recently, embryo cryopreservation was associated with higher survival rates than oocyte cryopreservation, but with newer techniques such as vitrification resulting in excellent oocyte survival rates, there is now no need to freeze embryos just to maximize gamete survival. 37, 38 Oocyte cryopreservation
As with embryo cryopreservation, the requirement for a mature hypothalamic-pituitary-ovarian axis precludes the applicability of ovarian stimulation and oocyte cryopreservation for prepubertal girls. However, for postmenarchal girls and adolescents, in situations where there is enough time, this may be a viable option, particularly as it maintains autonomy with no need for a male partner.
The hormonal stimulation required to develop multiple follicles is associated with elevation in estrogen and there is a small risk of over-response and thus development of severe ovarian hyperstimulation syndrome (OHSS). There is no data describing the magnitude of risk of severe OHSS in young female cancer patients, but in the infertile population, the risk is increased in women with polycystic ovarian syndrome and in young women, so careful and judicious use of stimulation is required. Recently, it has been demonstrated that use of a gonadotropin-releasing hormone agonist (GnRH-a) to trigger final follicle maturation and ovulation may dramatically reduce the risk of OHSS in vulnerable situations. 39 With oocyte survival of over 70%-80% after thawing reported with slow-freezing protocols, recent reports of over 90% survival with vitrification, and subsequent excellent fertilization rates demonstrated, oocyte cryopreservation may provide multiple opportunities to later conceive, provided enough oocytes (ie, 10-20) are retrieved. 38 It is also possible to aspirate immature oocytes after minimal stimulation, then to mature them in vitro prior to cryopreservation. 40 While this is still an evolving technique, there are potential advantages for young cancer patients, including the reduced time and stimulation requirement, and the reduced risk of OHSS.
Ovarian tissue cryopreservation
Ovarian tissue harvesting and subsequent autotransplantation, although not yet considered as an established and routine procedure, has developed into a highly promising strategy for young girls about to embark on cancer treatment, many of whom would have no alternative fertility preservation option available to them otherwise. 41 The harvesting procedure involves a laparoscopic technique 42 to remove a cortical segment of ovary or a whole ovary, depending on the estimated risk of subsequent sterility from chemoradiation. 43 The ovarian tissue is sliced up into cortical strips and subsequently cryopreserved. 44 Grafting of ovarian tissue back into the patient requires another laparoscopic procedure, with strips inserted into various orthotopic locations, including the remaining ovary and pelvic side walls and even heterotopic sites, 45 with recovery of ovarian function demonstrated some months after the procedure. Reports of 28 births have been published after ovarian tissue grafting, conceived both spontaneously and with in vitro fertilization. [47] [48] [49] [50] [51] [52] [53] However, follicular development from grafted ovarian tissue does not always follow typical cyclical patterns and it is in fact often quite problematic to obtain good quality oocytes. Ischemic damage to follicles and stroma contribute to this difficulty. 45 The duration of function of grafted ovarian tissue is finite, lasting on average several years, 48 depending on the size of the slices and the volume grafted, hence sometimes more than one grafting procedure may be required. Thus, most commonly, tissue is grafted at the time when fertility is required. However, some young women may choose to have tissue grafted purely to provide restoration of endocrine function. 54 The major advantages of this technique include the ability to obtain ovarian tissue with large numbers of ovarian follicles, even in young girls, and the immediacy of the harvesting procedure, which does not require a delay in cancer treatment commencement. However, a laparoscopic technique is currently required and there are well-documented risks, both anesthetic and surgical, 42 which may be increased in young, unwell cancer patients, particularly those with respiratory or hematological compromise.
Despite rigorous and repeated testing of harvested tissue by histological, immunohistochemical, and molecular techniques, concern remains that autotransplantation may carry a risk of the reintroduction of malignant cells, particularly in the acute leukemias. 55, 56 However, to date, there are no reported cases of contamination causing cancer recurrence in the clinical setting. [57] [58] [59] Whole-and hemi-ovar y cr yopreser vation and microvascular transplantation have been demonstrated successfully in sheep, 60 and a single birth has been reported after microsurgical transplantation of a whole fresh ovary into an identical twin by Silber, 52 but technical difficulties have so far precluded this from being utilized in the routine clinical setting. 61 Given the recent improvements with freezing, grafting, and stimulation approaches, and the demonstration of live births unequivocally related to autotransplantation, 47 we can be increasingly optimistic about the value of ovarian tissue cryopreservation as a genuinely useful strategy for fertility preservation in girls at significant risk of sterility from their cancer treatment.
In vitro culture of ovarian follicles
Another promising technique, currently still at the experimental stage, is in vitro culture of ovarian tissue and ovarian follicles. Several groups have now demonstrated that it is possible to isolate small follicles from fresh or cultured ovarian tissue, which are then subjected to longterm culture until they reach antral follicle stage, at which point oocytes are extracted and matured in vitro, before fertilization. 62, 63 The potential advantages of in vitro culture include reducing the risk of malignant cell reintroduction with grafting and avoiding both a laparoscopic procedure and the need for ovarian stimulation.
Ovarian protection during cancer treatment
It is conceptually very appealing and may be possible to reduce the gonadotoxic effects of chemotherapy and radiotherapy in postpubertal girls and young women with nonsurgical modalities, such as gonadotropin-releasing hormone (GnRH) analogs and immunomodulation.
GnRH analogs are widely used in gynecological and reproductive medicine settings. They act on the pituitary to suppress gonadotropin secretion, inducing a quiescent state of non-cyclicity. The exact mechanism of protective action during chemotherapy is still unclear but may be mediated through reduction of blood flow to the ovary, modulation of AMH activity, or interruption of the accelerated recruitment of follicles during damaging chemotherapy. 64 Initial animal studies have demonstrated a substantial protective effect on follicle numbers after chemotherapy. 65 Subsequently, many clinical studies have been reported (Table 3) , including several randomized controlled trials and meta-analyses evaluating GnRH agonists for ovarian protection 64, [66] [67] [68] [69] but results are contradictory, perhaps because of the different cancer treatments, disparate follow-up periods, and different modalities used for assessment of ovarian function. Given the controversy, however, it is recommended that all patients considered for this therapy be advised that benefit has not been conclusively demonstrated.
Other forms of ovarian protection have also been evaluated in a research setting, including the use of the nontoxic immunomodulator AS101, which was found to protect the follicle pool after exposure to cyclophosphamide in a rodent model. 70 A recent publication has elegantly demonstrated the molecular mechanisms of DNA damage-induced apoptosis in primordial follicle oocytes. 71 The authors also demonstrated that the immature murine oocyte can survive DNA damage and produce live offspring when protected from death by loss of the pro-apoptotic protein p53-upregulated modulator submit your manuscript | www.dovepress.com of apoptosis. The importance of this finding is that blockade of p53-upregulated modulator of apoptosis may conceivably protect fertility during cancer therapy and prevent POF; 71 as such, this work paves the way for development of new strategies for ovarian protection.
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Transposition of the ovaries prior to radiotherapy
Oophoropexy may be performed prior to pelvic radiotherapy, either by laparoscopy or laparotomy, with transposition of the ovaries outside the field of radiation, most commonly for treatment of cervical cancer or pelvic sarcoma. 72 The success of the procedure will be affected by the dose of radiation, the use of ovarian shielding, the extent of scatter radiation, and, most importantly, the degree of vascular compromise. There is great variation in the reduction of risk by ovarian transposition; thus, there is no consensus that this technique, with its necessity for laparoscopy, should be performed in the setting of pelvic cancer. 73 
Common cancer treatments and infertility risk in males
The prepubertal testis is highly susceptible to the toxic effect of chemotherapy and irradiation due to the constant turnover of its undifferentiated spermatogonia. [73] [74] [75] Low-dose chemotherapy or irradiation can deplete the rapidly dividing and differentiating spermatogonia in the postpubertal testis, while less sensitive, slow dividing cells -such as the quiescent spermatogonial stem cells, spermatocytes, and spermatids -survive. 76 After such cytotoxic insult, the surviving stem cells turn into mitotically active spermatogonia. Together with the supporting Sertoli cells (which are more resilient to chemotherapy and irradiation), surviving stem cells become the foundation of spermatogenesis regeneration. 77 If testicular damage is severe due to high-dose chemotherapy/ irradiation, all subpopulations of spermatogonial stem cells will commit to apoptosis. In a severe cytotoxic insult scenario, Sertoli cells will be significantly damaged and lose their ability to support spermatogenesis. 77 The clinical outcome in these cases will be permanent sterility.
Bone marrow transplantation, which requires conditioning with high-dose chemotherapy/high-dose irradiation, is associated with a high risk of future infertility. 78, 79 As Leydig cells are relatively resistant to chemotherapy/ irradiation insults, androgen deficiency requiring testosterone replacement is rare, even in the setting of severe oligospermia or azoospermia. 20 Doses as high as 12 Gy are required to impair pubertal development and doses of 20-30 Gy are required to cause hypogonadism, which indicates a need for androgen replacement. [80] [81] [82] Relative androgen deficiency and gynecomastia have been reported in patients treated with mechlorethamine, vincristine, procarbazine, and prednisone (MOPP) or high-dose cyclophosphamide. 83, 84 The effect of chemotherapy on the pre-and postpubertal testis, and hence future fertility, varies and is mainly agent and dose dependent. 85, 86 The potential gonadotoxic impact is also associated with the fractionation schedule of the treatment. Receiving multiple administrations of low-dose chemotherapy might have more detrimental effects than exposure to higher dosages delivered in fewer administrations. 87 Alkylating agents and platinums seem to have the most profound reproductive effects. The reported threshold for future infertility in prepubertal patients for cyclophosphamide ranges between 7.5-9.0 g/m 2 82,88,89 and 10.0 g/m 2 (300 mg/kg) in postpubertal patients. 90 It is believed that spermatogenesis recovery is unlikely from doses of 19 g/m 2 . 91 Future infertilityassociated threshold doses for other alkylating agents and platinums have been reported. 92 Reports on the commonly used multi-agent chemotherapy regimens (MOPP and cyclophosphamide, vincristine, procarbazine, prednisolone [COPP]) showed high rates of long-term azoospermia (85%-100%) 93 with a clear dose-dependent effect seen in cyclophosphamide-based regimens. 75, 88, 94 Antimetabolites, vinca alkaloids, and topoisomerase inhibitors have been shown to be gonadotoxic, however with less detrimental effect. 95, 96 The extent of DNA damage to testicular germ cells and somatic cells is field, dose, and fractionation dependent. 80, 97, 98 Spermatogenesis is highly sensitive to radiation doses as low as 0.1 Gy. 99 Reversible short-term azoospermia has been identified at the dose of 0.35 Gy, 98 while doses of 2-3 Gy may cause a long-term effect with the potential for recovery. 99 Doses of more than 6 Gy are able to cause total depletion of spermatogonial stem cells and permanent sterility. 86, 99 Conditioning regimens for bone marrow transplantation involving TBI (10 or 13 Gy) have been reported to be highly associated with spermatogenesis failure, with an azoospermia rate of 85%. 100 
Options for fertility preservation in boys and adolescents
Given the potential detrimental effects of chemotherapy and/or radiation therapy on future fertility, preservation options should be discussed with patients and their families prior to the initiation of any therapy.
Provided a semen sample can be produced, the fertility of adolescent boys facing chemotherapy/radiotherapy can be preserved with a similar success rate to that achieved in adults. Pubertal boys with a testicular volume of 10-12 mL should be encouraged to produce a sample. 101, 102 Boys at the onset of puberty may have small numbers of sperm cryopreserved after testicular biopsy or aspiration under anesthesia. Intracytoplasmic sperm injection may then result in their ability to father a child, but electroejaculation equipment sizes may preclude its use in young adolescents. Some patients may be unfamiliar with masturbation and others unable to ejaculate for various other reasons (social, religious/cultural, or medical). For them, sperm can be retrieved by penile vibratory stimulation, electroejaculation, or surgically from the epididymis or the testis. Unfortunately, some patients may present initially with oligospermia or even azoospermia. This may be related to the stress effect of the disease on spermatogenesis, possibly mediated through proinflammatory cytokines. 103 This phenomenon is frequent in patients with advanced-stage Hodgkin's lymphoma. 104 Sperm cryopreservation or sperm banking is a routinely used, highly reliable, and well-established approach 102, 105, 106 applicable to adolescents but unfortunately not to prepubertal boys.
As prepubertal boys cannot benefit from sperm banking, alternative strategies have been developed but all are currently experimental. These strategies are based on the cryopreservation of immature spermatogenic cells as cell suspensions or whole testicular tissue for future fertility restoration. 92 Cell-suspension freezing protocols, achieving 60% postthaw viability, have been reported. 107, 108 Testicular tissue-freezing protocols enabling the maintenance of cell-to-cell contacts and the preservation of the stem cell niche have been developed. Together, the use of dimethyl sulfoxide (DMSO) as cryoprotectant, 109 slow-programmed freezing, 110 and the addition of sucrose 92 have been shown to better preserve tissue structure, protect spermatogonial morphology, and reduce germ cell and Sertoli cell loss during freezing-thawing, respectively.
Three main strategies for the use of spermatogonial stem cells are under ongoing investigation: 1. In vitro generation of spermatozoa from harvested spermatogonia using artificial supporting environment.
A successful proliferation and differentiation of diploid mice germ cells up to completion of spermatogenesis in a three-dimensional cell culture system has been recently described. 111 More recently, an in vitro production of functional sperm cells from neonatal mouse testis tissue was reported. These cells were successfully used submit your manuscript | www.dovepress.com 54.70.40.11 on 18-Feb-2019 For personal use only.
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to produce a healthy, fertile offspring. 112 Further research is required to investigate potential epigenetic changes and their long-term implications on future generations. 2. Infusion of germ-cell suspension into the testis, using the "host" somatic structures and their secreted factors as the supportive microenvironment of further spermatogenesis. Ultrasound-guided infusion of germ-cell suspensions via the rete testis offers a noninvasive approach to autologous infusion of harvested germ cells. Although this strategy seems promising, major safety concerns regarding the potential risk of tumor cell reintroduction leading to disease relapse must be addressed before this technique can be considered for clinical use. Cell-sorting techniques are under ongoing investigation. More research is needed to establish the best approach to generating spermatozoa from immature stem cells via in vivo or in vitro maturation. In the meantime, prepubertal tissue preservation should be discussed with boys and their parents and samples should be banked only after careful counseling that emphasizes the experimental nature of this approach.
Ethical issues in fertility preservation
Amid rapid progress in technologies, a number of clinical guidelines have been published to aid health care professionals and institutions in providing appropriate information and fertility preservation options to patients and families, several of which cover pediatric and adolescent patients specif ically. [118] [119] [120] However, guidelines are only recommendations; they are not legally binding nor accompanied by funding mechanisms, resource accessibility, or educational programs. Neither is their uptake routinely evaluated. Even within the relatively wellresourced, centralized world of pediatric oncology, many barriers to optimal fertility management persist. Discussion regarding fertility may be variable, with a lack of consistency in the information provided, and the uptake of fertility preservation options remains low. [121] [122] [123] Older adolescent patients, who fall outside the pediatric realm, suffer a unique spectrum of individually rare tumors and are spread thinly across the adult health system, rendering them even more disadvantaged in terms of both utilizing the window of opportunity for fertility preservation, and in the long-term follow-up of their reproductive potential.
Addressing patient and family needs
Research into the long-term psychological effects of cancer-related infertility in young people with childhood or adolescent cancer is largely limited to retrospective survey and qualitative studies. Such research strongly suggests that awareness and understanding of childhood and adolescent cancer-related fertility issues among survivors is low, 124, 125 despite demonstration of a strong desire for parenthood in cancer survivors. 126, 127 It has been demonstrated that uncertainty about fertility status has caused worry about the future in young adult males 128 and Saito et al 129 describe sperm banking as being a protective factor in the emotional battle against cancer. Beyond the issue of childbearing itself, 130 a qualitative study of 38 survivors of teenage cancer, examining the effect of fertility issues on transition to adulthood and survivorship, has acknowledged the broader representation of fertility as a social value and infertility as a stigma. The study describes four threads of experience over time: (1) prioritizing normality and marginalizing fertility, (2) fertility concerns compromising attempts at normality, (3) ongoing impairments to health that mediate fertility matters, and (4) fertility concerns dominating the cancer legacy. Both Crawshaw and Sloper 130 and Wilkes et al 131 suggest that the relative that the relative importance of fertility concerns can shift between contexts and over time; suggest that fertility is linked to sexual, personal, and social identity; and implore clinicians to pay proactive and reactive attention to fertility-related issues longitudinally over the cancer journey to promote resilience. Reproductive counseling is also required to support difficult decisionmaking for survivors who may experience more distress when contemplating failure of assisted reproductive technologies, eligibility for adoption, concerns around health and risk of recurrence, and the potential transmission of cancer to their offspring. [132] [133] [134] Many adolescent survivors cannot recall receiving fertility information at diagnosis. 135 In a survey of parents 54.70.40.11 on 18-Feb-2019 For personal use only.
of both children and adolescents with cancer, fewer than 30% felt they had received adequate information. 136 Despite widely held beliefs that young patients and families are too emotionally saturated to receive detailed fertility information, studies show that they do want such information and opportunities for fertility preservation at diagnosis. [136] [137] [138] There is also a paucity of validated tools to empirically assess child, parent, and adolescent needs and concerns in this area. The development of such tools will prove time consuming and difficult given that overall numbers are small and age and gender differentiations are important. 139 However, in the future, this may be aided by multidisciplinary networks/ consortia such as the Oncofertility Consortium.
Decision-making and ethical concerns
Supporting the high-stake decision-making for families, about fertility concerns, during the time-critical period of severe cognitive and emotional strain at diagnosis, is imperative and requires staged discussions. 140 An approach involving multiple providers can mean that patients and families experience confusion and loss of coordination. 141 Gardino et al 142 speak of several systematic ways a multidisciplinary team can best manage the fertility preservation process. A patient navigator or advocate can help assimilate the information provided and facilitate decision-making; 143 however, if there is good collaboration and communication between oncologists and reproductive medicine specialists, then this additional level of assistance may not be necessary.
Utilizing internet resources can further add to support provided by the clinician to the family, and aid in decision making pathways (http://www.myoncofertility.org). 144 Alternatively, a simple decision tree to pictorially describe separate options, decision points, consequences, and final outcomes, can provide a logical interactive platform for systematic discussion useful to health care providers, adolescent patients, and families. 145, 146 In practical terms, for children and adolescents under 18 years, parents are usually the "surrogate" decision-makers in the consent process for fertility preservation procedures. However, it is the responsibility of team to inform and involve the young person to the level of their capacity. 147 If they are not up to assent, then health care professionals and family should act in the child's best interests. 148 The assessment of whether a child is capable of assent may require independent expertise. A review on decision-making about fertility in AYAs suggests that adolescents have three main desires: information about the potential impact of cancer treatment on fertility, information about fertility preservation options, and participation in decision-making. Further research is required to explore decision-making roles in children and adolescents with cancer. 137 Fertility preservation procedures such as gonadal tissue cryopreservation for children and adolescents are best termed "experimental therapeutic research." While the potential risks and benefits are not wholly known, unless the techniques are offered, the opportunity to evaluate these procedures and assess for clinical benefit will be missed. It is recommended that they should only be performed in centers in which the necessary expertise is available with the support of an appropriate code of practice.
There should also be systematic long-term follow-up so that the many unanswered questions, including those concerning the best options for fertility preservation for prepubertal patients, may be addressed over the long-term. 73, 149, 150 Valid consent renders potentially harmful interventions both ethically and legally appropriate, but requires the decision-maker to be informed, competent, and acting voluntarily. These conditions may be compromised in the face of a family's distress around a child's cancer diagnosis, and having to consider future childbearing for a child with a life-threatening illness under time constraints. 151 Posthumous parenting issues can be addressed by detailing precise instructions in a legal consent document. This will reduce but not obviate the need for legal intervention to determine ownership of tissue in case of the young person's death. For patients, a two-stage process may be appropriate, whereby initially consent for tissue storage is sought, then subsequent consent for the use of tissue is sought at a time when the young person is able to comprehend the issues fully and express detailed preferences. 152 Specific ethical difficulties may arise when there is conflict among family members. For example, some parents may not want to inform the young person about fertility concerns, or a male adolescent may be unwilling to consent to sperm banking or retrieval while this is the preferred parental option. These situations require thoughtful handling with a team-based approach, often involving a child advocate or clinical ethics team.
Broader ethical concerns may relate to issues of prognosis and cost. Is it right to impart information and offer interventions to patients who have neither prospect of affording them nor a substantial chance of reaping the future benefit? In reality, not all options are available to all patients. Currently, the majority of insurance companies in the USA do not cover fertility preservation procedures for newly diagnosed cancer patients. 153 Even subsidized health 54.70.40.11 on 18-Feb-2019 For personal use only.
care systems provide limited funding for fertility preservation procedures before a diagnosis of infertility can technically be made, even though it may be reliably anticipated. However, the right for patients and families to be informed and act as decision-makers with appropriate guidance is a right that transcends prognosis or income.
Comprehensive models of care can offer a solution to help bridge the gap between recommendations for best-practice fertility management and current practices in oncology. This requires collaboration between researchers, clinicians, and advocacy groups to address issues of education, access, funding, and research to support the emergence of oncofertility as a discipline in its own right. International advances are being made in this regard that may guide future development in this field.
Conclusion: the way forward
While there is now general agreement as to the importance of addressing the fertility implications of cancer treatment, in practice there are many challenges facing physicians. Informing a family about the diagnosis of a potentially life-threatening cancer is usually associated with enormous trauma and emotion. For major cancer centers, integration with a reproductive medicine unit that provides fertility preservation advice and services and, for smaller units, online resources and telephone counseling for physicians and patients and their families, with access to regional reproductive medicine centers, will ensure that fertility concerns are appropriately addressed in a timely fashion.
Establishment of rigorous long-term late effects and follow-up services with regular monitoring of reproductive function and counseling about further options will ensure that young patients are not lost in the system at a critical time of loss of reproductive potential.
In the case of female patients, large international databases allowing access to information about long-term assessment of ovarian reserve, endocrinologically and biophysically, will greatly enhance our understanding about the short-and longerterm ovarian responses to insults such as chemotherapy. Further advances in mechanisms of ovarian protection during cancer treatment may, in some cases, reduce the reliance on procedural methods. Increasing worldwide experience, shared in a collaborative fashion, and escalating births, will also facilitate the progression of the more experimental options including ovarian tissue and whole-ovary grafting, into the realms of routinely offered clinical options, providing rates of success and procedural ease that far outweigh the risks.
In addition, financial assistance packages and subsidized care would ensure that all patients could be given the opportunity to avail themselves of options.
There is now increasing recognition within the medical community of the importance of fertility for young cancer survivors. Although many challenges remain, with recent advancements in the clinical applicability of fertility preservation options, and with improving collaboration between oncologists and reproductive medicine specialists, we can now strive to maximize accessibility to useful oncofertility services for all young cancer patients and their families.
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